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ABSTRACT
The hammerhead sharks (Family: Sphyrnidae) are all characterized by a conspicuous
lateral expansion and dorsoventral flattening of the head forming a structure known as a
cephalofoil, however, there is substantial morphological variation within the clade. Many
theories have been proposed regarding the functional aspects of this structure. One of these is
that it may produce beneficial dynamic lift as the shark swims (in similar fashion to the
cambered wings found on many modern-day aircraft). As sharks do not possess a swim
bladder, part of their energy intake is expended on simply maintaining vertical station in the
water column. If indeed the cephalofoil constitutes an anterior lift-generating feature as
hypothesized, such energy expenditure could theoretically be reallocated. We digitized the
head shaped of all eight living species of hammerhead shark, and performed a computational
fluid dynamic (CFD) analysis to quantify the lift and drag forces associated with each of the
various cephalofoil morphologies. For comparison, three carcharhinid species, the bull shark
(C leucas), the blacktip shark (C. limbatus), and the lemon shark (N. brevirostris) were
likewise analyzed. It was assumed that addition of a lifting structure to the morphology of the
shark should have effected corresponding evolutionary changes in other lift-generating
features. To test this hypothesis, morphometric data were gathered from numerous specimens
and multiple regression coupled with an information-theoretic approach to model selection
were used. The cephalofoil appears only to produce substantial lift forces at positive angles
of incidence to the flow. These head morphologies, meanwhile, appear to be characterized by
greater drag than their carcharhinid counterparts. Statistical analysis corroborates the current
ii

belief that hydrodynamic forces acting on the cephalofoil reduce stability during swimming.
The ecophysiological implications of our results are integrated with knowledge from others’
previous studies and new hypotheses are formulated from the resulting conclusions.

iii

DEDICATION
This work is dedicated to my parents, Warren and Becky Gaylord,
and to my three brothers, Harrison, Nathan, and William
without whose love and support I would surely have
jumped off the Tallahatchie bridge.

iv

VARIABLES USED IN STATISTICAL ANALYSIS

CL (lift coefficient) – Non-dimensional metric which quantifies fluid dynamic lift.
CD (drag coefficient) – Non-dimensional metric which quantifies fluid dynamic drag.
L/D (lift-to-drag ratio) – Ratio of lift forces to drag forces; a standard measure of the
efficiency of a foil as a lifting surface (Abbott & Von Doenhoff, 1959).
P1_SA (pectoral surface area) – Total ventral surface area of a pectoral fin.
P2_SA (pelvic surface area) – Total ventral surface area of a pelvic fin.
HET_ANG (heterocercal angle) – Angle formed by caudal peduncle and epicaudal lobe of
heterocercal tail. May account for some variation in the vector of the caudal reaction
force and its epibatic effect.
CAUD_SA (caudal fin total surface area) – Total measured surface area of the caudal fin.
Sum of the areas of both dorsal and hypochordal lobes of one side of the heterocercal
tail.
CFR (caudal fin ratio) – Ratio of surface area of upper lobe of heterocercal tail to that of the
lower lobe. May determine the vector of the caudal reaction force, and thus, be
proportional to the magnitude of the epibatic effect of the caudal fin (Simons, 1970;
Thompson, 1976).
P1_ORIG (distance to pectoral fin) – distance from tip of rostrum to point of origin of a
pectoral fin. A component of the mechanical advantage of the pectoral fins.
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P2_ORIG (distance to pelvic fin origin) – distance from tip of rostrum to pelvic fin origin. A
component of the mechanical advantage of the pelvic fins.
DORS_ORIG (distance to dorsal fin origin) – distance from tip of rostrum to point of origin
of a pectoral fin. A component of the mechanical advantage of the pectoral fins.

vi

ACKNOWLEDGEMENTS

Thanks to Dr. Glenn Parsons, my major advisor, for his help and guidance (both in
matters academic and otherwise), Dr. Jason Hoeksema for help with statistical techniques,
and Dr. Eric Blades for consultation regarding computational methods. Thanks to the
University of Mississippi Graduate Student Association for partial funding of this project.
Thanks to Brian Hopkins for extensive computational troubleshooting, to Rob Robins, Jill
Hendon, Jennifer McKinney, Steven George, Dennis Reicke, and Dr. Eric Hoffmayer for
help in collecting and processing shark samples, to William Gundlach III for help in physical
modeling of cast shark heads, to Emily Hildebrandt for help in digitizing them, and to Dr. J.
Stephen Brewer for statistical help and for talking me down from the ledge more than once.

vii

CONTENTS

ABSTRACT............................................................................................................................ ii
Variables Used In Statistical Analysis................................................................................... iii
1. INTRODUCTION............................................................................................................... 1
1.1 A Primer on Wing Theory................................................................................................. 1
1.2 Research Focus.............................................................................................................. 2
1.3 Popular Hypotheses Concerning Cephalofoil Function..................................................

3

1.4 Morphological Basis For The Hydrodynamic Lift Hypothesis.........................................

4

1.5 Study Objectives............................................................................................................. 8

2. METHODS........................................................................................................................ 11
2.1 Physical Modeling.......................................................................................................... 11
2.2 Digital Modeling............................................................................................................ 12
2.3 Surface Mesh Generation and Refinement........................................................................ 14
2.4 Volume Gridding............................................................................................................ 14
2.5 Flow Simulation............................................................................................................. 16
2.6 Statistical Methods........................................................................................................ 17
2.7 Multiple Regression And Model Selection.....................................................................

18

3. RESULTS.......................................................................................................................... 20
3.1 CFD Surface Contours.................................................................................................. 20
3.2 Cutting Planes............................................................................................................... 20

viii

3.3 Polar Diagrams............................................................................................................. 34
3.4 Statistical Results........................................................................................................... 37
3.5 Flow Streamlines............................................................................................................ 38

4. CONCLUSIONS & DISCUSSION.................................................................................. 40
4.1 Surface Pressure Contours........................................................................................... 40
4.2 Pressure Clipping Planes.............................................................................................. 41
4.3 Velocity Clipping Planes............................................................................................... 41
4.4 Polar Diagrams............................................................................................................ 42
4.5 Evolutionary and Ecological Inferences.......................................................................

44

4.6 Multiple Regression Models............................................................................................ 46
4.7 Ecophysiological Inferences......................................................................................... 48
4.8 Final Conclusions and Future Study................................................................................ 50

List of References.................................................................................................................. 53
Vitae....................................................................................................................................... 58

ix

LIST OF TABLES

Table 1. Scale factors for shark head models........................................................................ 12
Table 2. Model Reynolds numbers, initial spacings, and total node counts.......................... 15
Table 3. Flow and lift vectors for all angles of attack........................................................... 17
Table 4. Summary of multiple regression models................................................................. 18
Table 5. Summary statistics for all multiple regression models............................................ 37

x

LIST OF FIGURES

Figure 1. Comparison of the cephalofoil to a cambered wing................................................ 5
Figure 2. Schematic summary of current lift-balance paradigm in sharks.............................. 6
Figure 3. Schematic diagram of a simple, first class lever...................................................... 8
Figure 4. Screenshot of Blender application window............................................................ 13
Figure 5. Volume grid cutting planes through the S. corona model...................................... 14
Figure 6. Dorsal surface pressure contours for all species at  = 0...................................... 22
Figure 7. Ventral surface pressure contours for all species at  = 0..................................... 23
Figure 8. Dorsal surface pressure contours for all species at  = 10.................................... 24
Figure 9. Ventral surface pressure contours for all species at  = 10................................... 25
Figure 10. Medial pressure clipping planes for all species at  = 0..................................... 26
Figure 11. Distal pressure clipping planes for all species at  = 0....................................... 27
Figure 12. Medial pressure clipping planes for all species at  = 10.................................... 28
Figure 13. Distal pressure clipping planes for all species at  = 10..................................... 29
Figure 14. Medial velocity clipping planes for all species at  = 0...................................... 30
Figure 15. Distal velocity clipping planes for all species at  = 0........................................ 31
Figure 16. Medial velocity clipping planes for all species at  = 10.................................... 32
Figure 17. Distal velocity clipping planes for all species at  = 10...................................... 33
Figure 18. Drag polars for all species.................................................................................... 35
Figure 19. Lift polars for all species...................................................................................... 36
xi

Figure 20. Fluid streamlines at  = 10about the head of S. lewini....................................... 39
Figure 21. Molecular phylogeny of the Sphyrnidae (after Lim et al., 2010).............................. 45

xii

1. INTRODUCTION
1.1 A Primer on Wing Theory
Several theories exist in modern physics to explain the function of a lift-producing foil. Although
all are valid, here we provide a brief summary relating them to the discrete variables essential to our
determination of whether or not a lift condition occurs when the hammerhead cephalofoil is placed in
a flow.
Consider a symmetric foil in a fluid flow at some positive angle of attack () with its chord
parallel to the z-axis, its leading edge oriented in the positive z-direction, and a fluid flow progressing
in the negative-z direction1.
Founded on the Law of Conservation of Energy, Newtonian lift theory suggests that
momentum is transferred from the fluid to the wing as it strikes its underside (as well as the upper
slope of the leading edge in the case of a cambered foil). The net reaction force (FR) imparted to the
wing is directed diagonally. Its vertical component (perpendicular to the direction of fluid flow) is the
lift force (FL), while the horizontal component (parallel to, and directly opposing the direction of fluid
flow) is the drag force (FD).
Bernoullian lift theory focuses on changes in fluid velocity and pressure, and derives from the
Law of Conservation of Mass. As fluid encounters the wing surface, it bends away from the surface
(back into the flow) on the underside, and conversely, toward the surface (away from the flow) on the
topside. This results in a reduction in velocity beneath the wing, and increased velocity above.
According to Bernoulli’s equation, and with respect to the Law of Conservation of Mass, a

1

Note that cambered foils operate according to these same principles, but that their cambered profile
enhances these fluid processes such that they occur at a level angle of attack (α = 0) as well.
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consequent increase in fluid pressure occurs below the wing (and exactly the opposite condition
above). Because pressure is lower above the wing than below, a net upward lift force results.
The circulation theory of lift, a third perspective, is somewhat of an extrapolation of
Bernoullian theory and the Magnus Effect. It suggests that the lift force produced by a foil depends
upon net fluid circulation around the foil. This circulation, when combined with freestream fluid
momentum, results in increased velocity atop the wing, and reduced velocity below (Figure). For
further reading on this topic, see Anderson, 1985.
Ultimately, the aspects of wing theory directly relevant to our investigation are the conditions
necessary for lift (as it is these that inform our analysis of data obtained from CFD).

1.2 Research Focus
Hammerhead sharks (order: Carcharhiniformes, family: Sphyrnidae) are a common, widely
distributed group ranging from tropical to temperate latitudes worldwide. The family is comprised of
eight extant species constituting two separate genera (Sphyrna and Eusphyra). Of these, seven belong
to the genus Sphyrna, whereas Eusphyra is represented by only a single species, the “winghead”
shark (E. blochii).
Cranial morphology across sphyrnids is grossly similar. The family is unique in that all
species are characterized by a unique head shape that is compressed dorsoventrally and expanded
laterally to form an anterior cephalofoil or “head-wing” with the eyes situated distally at each lateral
end. Excepting this feature, sphyrnid morphology somewhat resembles that of carcharhinid sharks (to
which they are most closely related)2.
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Both morphological and molecular analyses corroborate this relationship, but differ on the basis of
which carcharhinid genera are most closely related to the sphyrnid clade (Compagno, 1988; Martin,
1993). Compagno (1988) cites the spadenose shark (genus Scoliodon) as a likely sister lineage to the
Sphyrnidae based upon similar dentition and external morphology; namely, well-developed prenarial
grooves and spade-like flanges at the edges of the snout suggestive of an early cephalofoil. Contrary
to this viewpoint, mtDNA evidence suggests that sharks of the genera Prionace or Negaprion may be
more closely related (Martin, 1993).

2

Historically, hammerhead sharks have been the subject of much conjecture regarding the
adaptive significance of this structure. While substantial progress has been made in furthering our
understanding of sphyrnid functional morphology, a complete picture of this structure’s benefits and
evolutionary origins remains obscure.
One long-standing supposition is that the head morphology of sphyrnid sharks produces a
hydrodynamic lift force that contributes to the shark’s ability to maintain vertical station in the water
column (because they lack a swim bladder, elasmobranchs must rely on other mechanisms for
buoyancy regulation). Furthermore, while it is often stated as fact, this hypothesis has undergone
remarkably little scientific investigation, and empirical data regarding hydrodynamic properties of the
hammerhead cephalofoil are strikingly scarce (Driver, 1997).

1.3 Popular Hypotheses Concerning Cephalofoil Function
Three principal theories have been advanced to ascribe adaptive significance to the sphyrnid
cephalofoil. Specifically, it has been suggested that lateral expansion of the head region either:
1) confers some sensory advantage (Tester, 1963; Ellis, 1975), 2) serves a hydrodynamic function
(Murphy & Nichols, 1916; Thomson & Simanek, 1977), or 3) constitutes an adaptation for prey
capture (Strong et al., 1990)3.
Putative sensory advantages include enhanced olfaction (Tester, 1963), electrosensory
efficiency (Ellis, 1975; Compagno, 1984), lateral line sense (Compagno, 1984; Springer & Gold,
1989), and circumferential vision (Tester, 1963; Ellis, 1975; Springer & Gold, 1989). The latter two
hypotheses, however, have received little attention and remain untested.
Two primary mechanisms have been proposed regarding hydrodynamic function of the
cephalofoil. The first of these suggests that it increases maneuverability by acting as an anterior
steering wing (Murphy & Nichols, 1916). Nakaya (1995) presented morphological evidence for this

3

Thus far, only anecdotal evidence exists for use of the cephalofoil as a prey capturing structure (Strong et al.,
1990). Moreover, only one account of this behavior has been reported, and only in one species (S. mokarran).
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hypothesis in a comparative examination of the chondrocranial and muscular anatomies of
scyliorhinid, triakid, carcharhinid, and sphyrnid sharks (namely, greater development of hypaxial
musculature and presence of pronounced basal fossa in the chondrocrania of sphyrnids). Head
articulation range was examined by electrical stimulation of epaxial and hypaxial musculature in
anesthetized specimens of C. galapagensis and S. lewini (Nakaya, 1995). Whereas epaxial stimulation
was similar (inducing head elevation in C. galapagensis of 27° and elevation of 32° in S. lewini)
hypaxial stimulation differed greatly (eliciting no change in C. galapagensis but depressing the head
of S. lewini to -15°).
Although these differences in anatomy provide a rational foundation for hydrodynamic
function of the cephalofoil, improved head articulation may likewise be an adaptation to facilitate
prey handling as described by Strong et al. (1990). Further study by Kajiura et al. (2003) involving
bonnethead sharks offered little support for the idea that the cephalofoil confers greater
maneuverability by acting as an anterior rudder. These authors also suggest that greater
maneuverability in sphyrnids may instead be related to differences in their vertebral anatomy.

1.4 Morphological Basis For The Hydrodynamic Lift Hypothesis
For sharks, vertical station in the water column is maintained, in part, via the incorporation of
low-density materials into their anatomy. Most notably, evolutionary conservation of a cartilaginous
skeleton and hepatic sequestration of low-density lipids such as urea, trimethylamine oxide, oils, and
squalene serve to reduce shark mass and contribute to the generation of static lift forces (Alexander,
1990; Thomson, 1990; Withers et al., 1994). Dynamic lift forces also contribute to this equilibrium.
Corroborating the classical model proposed by Alexander (1965), current understanding of
heterocercal tail function suggests that it generates an anterodorsally-directed reaction force (Figure
1) resulting in torque around the center of mass (Ferry & Lauder, 1996; Wilga & Lauder, 2002). It is
thought that this force is balanced by equal and opposite dynamic lift forces produced anteriorly using
the pectoral fins and ventrum as planing surfaces (Alexander, 1965; Aleev, 1969; Fish & Shannahan,
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2000). Observations of more benthic species, however, suggest that pectoral fins may not be
important in anterior lift-generation for all sharks (Wilga & Lauder, 2001; Wilga & Lauder, 2002).
The hydrodynamic lift hypothesis of cephalofoil function proposes that the structure may
constitute a similar planing surface, contributing anteriorly to the shark’s achievement of neutral
buoyancy by acting as a hydrofoil to generate dynamic lift (Murphy & Nichols, 1916; Thomson &
Simanek, 1977). Indeed, in both profile and parasagittal section (Figure 1), each lobe of the
cephalofoil resembles a cambered wing (Compagno, 1984). Thus, sufficient data exists such that an
integrated theoretical model of shark lift forces can be extracted from the literature (Figure 2).

Figure 1. Comparison of cephalofoil (A) profile at distal end to a cambered wing (B) in cross section. Note the
similarity in shape. Camber (the deviation in the wing profile from the direction of fluid motion—the chord
line) is denoted by the letter “C.”

5

Figure 2. Composite schematic summary of current lift-balance paradigm in sharks. Individual lift forces are
depicted with black arrows. Note the two oppositional rotational forces generated about the center of mass
(after Alexander, 1965 and Wilga & Lauder, 2002).

If, in fact, the cephalofoil does constitute a significant lift-producing feature, then the effects
of such an adaptation should be evident in corresponding functional morphological changes to other
lift-associated anatomy. Indeed, it has been suggested that hammerhead sharks possess smaller
pectoral fins than do other shark species (Lineaweaver & Backus, 1969; Compagno, 1984). As
previously noted, classical descriptions of pectoral fin function in sharks contend that they are used in
conjunction with the snout and ventrum as planing surfaces for the generation of anterior lift forces.
Such anterior lift would cause a rotational moment about the center of mass directed posterodorsally
(Figure 1), thereby offsetting that produced posteriorly by the heterocercal tail (Aleev, 1963;
Alexander, 1965; Thomson & Simanek, 1977; Wilga & Lauder, 1996).
To date, only one study has sought to directly evaluate the hydrodynamic attributes of the
cephalofoil and its capacity to generate lift. In an unpublished dissertation, Driver (1997) calculated
the lift-to-drag (L/D) ratio for model representations of the cephalofoil of eight hammerhead species
using a wind tunnel. Although her results suggest that the cephalofoil produces lift, data indicate that
aerofoil behavior is limited to high Reynolds numbers (i.e., Re > 4.2×105). Furthermore, models were
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sculpted by hand, and L/D ratios were calculated from data collected in compressible, low viscosity
conditions (in air). Vortex shedding was, however, examined using a flow tank, but again, head
models were handmade, and experimentation was carried out over a limited range of attack angles.
Although non-sphyrnid sample size was low, Driver (1997) found lower pectoral fin surface
area in hammerhead sharks. She found no evidence of any allometric relationship among sphyrnid
cephalofoil and pectoral fin surface areas and concluded that direct compensation is unsupported, but
neglected to examine some important metrics (such as fin insertion distances) or incorporate potential
synergistic effects of other lift-associated anatomy into her model.
Indeed, because these individual features likely comprise a larger functional trait complex, it
is important to acknowledge that estimation of such pairwise correlations could be confounded by
integrated patterns of morphological covariation (e.g., covariation between three or more
morphological traits). Thus, Driver’s failure to observe a strong correlation between cephalofoil and
pectoral fin surface areas does not necessarily preclude the possibility of morphological covariance
among lift-associated traits. In fact, it is quite possible that much of the residual variation is due to
morphometric variables that constitute explanatory factors missing from the model.
In a study of leopard shark swimming dynamics, Wilga & Lauder (2002) noted that the
vortex angle produced by the heterocercal tail does not change with respect to body angle during
constant swimming, suggesting that heterocercal tail angle remains constant. Thus it is reasonable that
among sphyrnid species a trend toward smaller heterocercal tail angles (and consequent increases in
posterior lift) has paralleled evolution of the cephalofoil (in lieu of reduced pectoral fin size) and thus
prevented observation of a more complex, integrated pattern.
Likewise, differences in fin insertion distance may account for some of the variation in head
morphology across species. Because the center of gravity essentially represents a fulcrum, lift forces
about the body of the shark are balanced largely in the same manner as a simple, first-class lever
wherein there is a positive linear relationship between the distance of any given fin from the
rotational center and the amount of force exerted at the opposite end (Figure 3).
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Figure 3. Schematic diagram of a sim
mple, first-classs lever. Note thhat mechanical advantage willl change as eacch
variable (force or distaance) is changeed. This relationnship may be maintained
m
how
wever, if variabbles at opposinng
ends are altered in conccert with one another.
a

Thus, evolutionary
e
changes in fin
f position with
w
respect to the centerr of gravity could also have
h
compennsated for chaanges in lift-reelated features elsewhere.

1.5 Studdy Objectives
While subsstantial expeerimental evvidence existts in suppoort of both olfactory and
electrossensory hypottheses, none of the functiions yet propposed necessaarily precludees other adapttive
benefitss (i.e., none of
o them are necessarily muutually exclussive). As withh most anatomical structuures,
there arre likely multiiple functionss, and though they probablly differ in terrms of evoluttionary order and
their vaalue with regaard to the anim
mal’s fitness (e.g. primaryy vs. secondarry function, etc.),
e
it shouldd be
noted thhat it is not th
he goal of thiss research to make
m
such coomparisons, but
b rather, to simply
s
assess the
strengthh of evidence for a lift-prodducing function.
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In this study, we more thoroughly investigate the empirical basis for a hydrodynamic lift
function of the hammerhead cephalofoil. We hope to refine the current understanding of cephalofoil
function using computational flow simulation, and via confirmatory statistical analysis of liftproducing morphological characteristics.
Computational Fluid Dynamics (CFD) generally entails 1) pre-processing of the geometry
that is to be modeled via CAD discretization and partitioning of the surrounding flow field domain
using mesh generation software, 2) simulation of flow by iterative, automated solution of the
equations governing fluid flow for each subdivision within the domain, and 3) reassembly of the fluid
domain, post-processing, visualization, and analysis of the calculated output. This technology,
although common within the engineering field, is still increasing in popularity within the biological
sciences (Liu, et al. 1996; Liu, 2002). Computational fluid dynamics is unique in that it affords
researchers a virtual study environment that is largely free from the influence of uncontrollable
experimental variation. Moreover, computer modeling of flow fields is cost-effective, and makes
possible a level of graphical representation and visual resolution of dynamic fluid flow that would
otherwise be impossible to obtain in a conventional laboratory setting.
Using computational methods to simulate flow around differing shark morphologies, we seek
to assess the cephalofoil's putative lift-producing function by pairing direct comparative analysis of
sphyrnid and carcharhinid shark fluid dynamics with a multivariate statistical assessment of the
importance of this feature's hydrodynamic characteristics in covariance between a variety of liftassociated morphometrics, and consider the resulting data within the broader context of this
structure’s evolutionary underpinnings.
Based on the hydrodynamic lift hypothesis, the prediction is that sphyrnid head morphologies
produce more lift at an angle of attack () parallel to fluid motion ( = 0) than do carcharhinid
morphologies. It follows that at positive angles of attack CL is expected be greater in sphyrnids. As
with any cambered foil, qualitative data should reveal greater fluid pressures on the ventral surface of
the head than on the dorsal surface across all attack angles, and inversely, greater fluid velocity
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dorsally than ventrally. If the hammerhead cephalofoil indeed produces greater lift than a typical
carcharhinid head shape, computational analysis should reveal greater dorsoventral disparity in these
variables for hammerheads. Similarly, it is expected that sphyrnid head shapes should generally
exhibit greater lifting efficiency (denoted by greater L/D ratios) than carcharhinids.
If lift is produced, we expect our statistical model will show substantial explained variation
when each 1) L/D ratio, and 2) CL are regressed on a set of other morphometric, lift-related variables.
Partial R-scores may further allow us to draw conclusions as to which of these morphometrics are
most responsible for offsetting additional anterior lift (if it exists), and perhaps make some inferences
as to how these features have interactively evolved. Correspondingly we expect this analysis will
reveal negative correlations among lift-associated metrics taken from the same side of the rotational
center, while those on opposing sides should be positively correlated4.

4

Two assumptions underlie this hypothesis: 1) that the current model of shark lift-balance is adequate, and 2)
that the total magnitude of lift forces anteriorly should not have changed independent of corresponding changes
posteriorly.
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2. METHODS
2.1 Physical Modeling
Shark specimens for CFD analysis were obtained from a variety of sources including fishing
tournaments, private fishermen, commercial fishing vessels, and museum collections. Two-part molds
were constructed of the heads of all eight extant species of hammerhead shark5 as well as three
carcharhinid species6 using type-I silicone (interior) and plaster of Paris (exterior). Heads were
removed from the sharks and coated in a thin layer of petroleum jelly so as to prevent unwanted
adhesion of molding agents. Their ventral portions were embedded in petroleum-based modeling clay
while the dorsal half of each mold was constructed. Tubes of GE brand type-I silicone were ejected
into a container filled with a slurry of Dawn liquid dishwashing soap. This slurry was likewise
applied to the hands to prevent the silicone from sticking and thereby allow researchers to work it by
hand like putty. The dorsal half of the head was then coated in a layer of silicone approximately 34cm thick. At this point, some relief was added to the silicone layer using additional silicone so as to
facilitate the ultimate adherence of the silicone and plaster layers to one another. Ample time was
allowed for the silicone layer to cure before a substantially thicker (as much as 15cm) outer shell of
plaster was constructed by applying a liberal amount of plaster of Paris. Once the dorsal half of each
mold cured, the entire assembly was inverted, modeling clay was removed, and these steps were
repeated for the ventral portion. After the entire molds had cured, petroleum jelly was used to thinly
coat the silicone inner of each in order to facilitate eventual release of the cast model. Molds were
then used to cast plaster head models of each species.

5
6

E. blochii, S. corona, S. lewini, S. media, S. mokarran, S. tiburo, S. tudes, and S. zygaena
C. leucas, C. limbatus, and N. brevirostris
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2.2 Digital Modeling
Head models were digitized using a Faro-Arm laser scanner at Mississippi State University’s
Center for Advanced Vehicular Systems (CAVS), and resulting point cloud data were imported using
Geomagic Studio 10 software. Initial CAD processing was likewise performed in Geomagic Studio
10. Extraneous noise resulting from laser refraction was removed and individual scan passes were
registered using Geomagic’s global registration feature. Models were rotated and rough-translated so
as to properly orient them within the world coordinate system. Finally, NURBS models were created
from polygon data by using the fit surface feature before exportation as IGES files.
Blender V2.49b was used to scale all models to adult size. To accomplish this, scaling factors
(Table 1) were calculated based on a composite dataset compiled from study material published by
Compagno (1988) and firsthand specimen observations.
Table 1. Scaling factors for shark head models. Actual cast heads are in bold and denoted by a factor of 1.00.
All models were scaled to adult size for CFD simulations.

Species

Eusphyra blochii
Sphyrna corona
Sphyrna lewini
Sphyrna media
Sphyrna mokarran
Sphyrna tiburo
Sphyrna tudes
Sphyrna zygaena
Carcharhinus leucas
Carcharhinus limbatus
Negaprion brevirostris

Juvenile
1.00
1.00
-

Subadult
1.00
1.00
1.00
1.00
1.00

Adult
1.00
1.00
1.70
1.00
1.21
1.00
1.78
1.84
2.32
1.56
1.52

Blender was then used to fine-translate models against the world coordinate system grid
(Figure 4) so as to align them in 3D space. Each head was oriented in Blender’s side view such that
when viewed from a lateral aspect, the coronal plane formed by the center of the eye and the apex of
the rostrum was aligned along the z-axis (with the y-axis tangent to the rostral apex). In top view,
models were then aligned so as to superimpose the sagittal plane upon the world coordinate system yz plane (with the x-axis tangent to the rostral apex) before importation into SolidMesh V3.2.2 grid
generation software. For each model, a generic, conical body shape was created in SolidMesh by
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projectiing the posterior edge ontoo an x-y plane created at appproximately 3 to 4 times thhe total head
length in the negative z-direction. The resultant surface was then trimmedd along this curve
c
and scalled
down too approximateely 10% of itss original sizee. The surfacee was connectted to the posterior edge off
the moddel with a curve at each com
mmon vertexx about their circumference
c
e. Surfaces weere then fit too
finish thhe tapered con
ne. These genneric bodies were
w affixed so
s as to limit the
t focus to thhe head regioon
(to elim
minate the possibility of dow
wnstream anaatomical featuures interferinng with fluid flow
f
in the heead
region).. A conical sh
hape was chossen so as to faacilitate graduual flow separration towardd the posteriorr
end of the
t heads (rath
her than unrealistically abrrupt separatioon which wouuld contribute drastically too
form drag). A spherical farfield booundary definning the outerr limit of the fluid
f
domain was created for
f
each moodel. Its radiu
us was approxximately ten times the totall length of thee model, and it was assigneed
an invisscid wall cond
dition. Finallyy, all edges were
w glued to yield
y
topologiically correct surfaces.

Figure 4. Screenshot off the Blender application
a
winndow illustratinng the world cooordinate systeem to which thee
model was
w aligned. Perrspective, side,, and frontal viiew windows are
a shown.
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2.3 Surface Mesh Generation and Refinement
SolidMesh was used to generate unstructured, triangular surface meshes of each model. Point
spacings were assigned to the models and manually refined in regions of high curvature (i.e., for
sphyrnids; the leading and trailing edges of the cephalofoil, for carcharhinids; the tip and edges of the
rostrum). For one species (S. corona) a mesh refinement study was conducted to assess the adequacy
of mesh resolution. Three separate levels were generated (referred to as coarse, medium, and fine)7,
and with each successive level of refinement, model point spacings were reduced by a factor of 2
(Figure 5).

Figure 5. Volume grid cutting planes through the S. corona model. Screenshots depict the three levels of mesh
resolution (from left to right: coarse, medium, and fine) used in the mesh refinement study. Cutting planes were
taken parallel to the yz-plane from the left distal end of the cephalofoil.

2.4 Volume Gridding
Solidmesh was used in concert with the Advancing-Front Local Reconnection (AFLR3) code
to discretize the fluid domain of each species model using a mixed-element mesh. Estimates of
freestream fluid velocity were calculated using a modified form of Weihs’ (1981) equation for fish
optimum cruising speed (after Parsons, 1990):

U0 = 6.3LT0.43

(2)

where LT is fish total length (in m) and U0 is freestream velocity (m/s).

7

It should be noted that both C. leucas and N. brevirostris were modeled at the medium level of grid fineness
due to difficulties encountered with quality in some regions of the grid.
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Scale factors (reference lengths) were calculated for each species by measuring the chord at
twelve locations spaced evenly across the head (in the x-dimension) and taking the average of these.



 Li + Li+1 +Li+2 ...Ln 
i=1

n

(3)

where n = 12 and L is chord length.
Reynolds numbers were calculated for each species (Table 2) and defined as:

Re =

U L
v

(4)

where U is the freestream velocity (m/s), L is the reference length (m), and v is the kinematic
viscosity of seawater (m2 /s) at 25°C and 35ppt salinity (i.e., the value 9.3710-7).
Table 2. Summary of Reynolds numbers calculated, boundary layer element initial spacing, and total mesh
nodes for volume meshes of each species.

Species
Eusphyra blochii
Sphyrna corona
Sphyrna lewini
Sphyrna media
Sphyrna mokarran
Sphyrna tiburo
Sphyrna tudes
Sphyrna zygaena
Carcharhinus leucas
Carcharhinus limbatus
Negaprion brevirostris

Reynolds Number
4

3.6110
3.74104
1.25105
4.23104
1.24105
4.04104
5.99104
1.14105
1.95105
1.32105
1.91105

Initial Spacing

Nodes

0.00249994
0.00315047
0.00215024
0.00275701
0.00210281
0.00279164
0.00270792
0.00258688
0.00219776
0.00264026
0.00205260

2,672,080
1,449,337
11,866,016
1,300,115
10,308,942
1,114,575
3,018,520
4,931,330
4,852,148
8,267,361
4,166,873

The Y+ value, a non-dimensional wall distance serves as a measure of boundary layer

resolution. It is typically desirable to set point spacings such that they result in an actual Y+
of approximately 1.0 at the first point off of the viscous wall boundary. The Y+ value for all
models was set to 0.8 (so as to compensate somewhat for curvature of the model as automatic
settings in Solidmesh are calculated based upon a flat plate reference geometry). Anisotropic element
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initial spacing was set for each model automatically in SolidMesh based upon Re, Y+, and L. The
maximum growth rate factor (1.38819) for isotropic cells (outside of the anisotropic boundary layer)
was likewise set automatically. Initial spacings of boundary layer volume elements and total node
counts of the resultant volume grids for each species are given in Table 2.

2.5 Flow Simulation
Simulations were performed using the U2NCLE unstructured flow solver, a parallel flow
simulation code developed at Mississippi State University’s HPCC which solves the Unsteady
Reynolds-Averaged Navier-Stokes equations. U2NCLE is a versatile solver capable of computing
flow solutions for complex, multielement, unstructured grids under viscid, inviscid, turbulent,
laminar, and high Reynolds number flows under both steady and unsteady conditions.
Unsteady, 2nd-order Navier-Stokes solutions were computed to predict the flow field and
force and moment coefficients for adults of all species across twenty-six different angles of attack. A
one-equation Spalart-Allmaras turbulence model was used. Simulations were conducted across a
range of 26 attack angles (Table 3) and the resultant polar diagrams (given in the next section) plotted
using MS Excel.
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Table 3. Calculated flow and lift vectors across all twenty-six angles of attack
For which CFD simulations were conducted.
θ
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30

x
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Flow Direction
y
-0.342020
-0.309017
-0.275637
-0.241922
-0.207912
-0.173648
-0.139173
-0.104528
-0.069756
-0.034899
0.000000
0.034899
0.069756
0.104528
0.139173
0.173648
0.207912
0.241922
0.275637
0.309017
0.342020
0.374607
0.406737
0.438371
0.469472
0.500000

z
-0.939693
-0.951057
-0.961262
-0.970296
-0.978148
-0.984808
-0.990268
-0.994522
-0.997564
-0.999391
-1.000000
-0.999391
-0.997564
-0.994522
-0.990268
-0.984808
-0.978148
-0.970296
-0.961262
-0.951057
-0.939693
-0.927184
-0.913545
-0.898794
-0.882948
-0.866025

x
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Lift Direction
y
0.939693
0.951057
0.961262
0.970296
0.978148
0.984808
0.990268
0.994522
0.997564
0.999391
1.000000
0.999391
0.997564
0.994522
0.990268
0.984808
0.978148
0.970296
0.961262
0.951057
0.939693
0.927184
0.913545
0.898794
0.882948
0.866025

z
-0.342020
-0.309017
-0.275637
-0.241922
-0.207912
-0.173648
-0.139173
-0.104528
-0.069756
-0.034899
0.000000
0.034899
0.069756
0.104528
0.139173
0.173648
0.207912
0.241922
0.275637
0.309017
0.342020
0.374607
0.406737
0.438371
0.469472
0.500000

Flow was modeled in the negative z-direction, and coordinates for fluid direction and lift
direction vectors were calculated for all  as:
Fluid direction: x = 0, y = sin (), z = -cos ()

(5)

Lift direction: x = 0, y = -cos (), z = sin ()

(6)

where  is the deflection angle (in degrees) with respect to freestream flow.

2.6 Statistical Methods
For all species, morphometric observations were taken for inclusion in our statistical model.
Some of these data were gathered from specimens landed at fishing tournaments. Most, however,
were taken from research collections maintained at The Florida Museum of Natural History, The
Field Museum, and The California Academy of Sciences. Standard length and fin origin data were
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taken using a tape measure. Fin surface areas were measured from digital photographs using NIH
ImageJ (1.45s). In order to factor out proportional variation, dimensional morphometrics were then
standardized by shark standard length (SL). All variables were regressed on SL using either linear or
exponential regression (depending on which was a better fit to the data), and these residuals were
used for all subsequent statistical analysis.

2.7 Multiple Regression And Model Selection
Two separate multiple regression models were constructed using the glmulti package for the
R open-source statistical computing code V2.14.1 wherein 1) L/D and 2) lift coefficient (CL) were
regressed upon a set of seven other lift-related morphometric variables, and all possible models were
explored. Because it was suspected that variation in each of these response variables might increase
with increasing , separate models were constructed for each of these response variables at both a
zero attack angle ( = 0), and again at a positive angle of attack ( = 10). This resulted in a total of
four regression models (Table 4).

Table 4. Summary of the four multiple regression
models constructed.



Response

0
10
0
10

CL
CL
L/D
L/D

For each analysis, a 95% confidence set of models was found, and model selection was
carried out within the resultant candidate set. Information theoretic methods were used to evaluate the
resulting models. Akaike’s Corrected Information Criterion (AICc) for small sample sizes, a widely
used information theoretic index based on maximum likelihood (which converges on the popular AIC
information theoretic), was chosen as the primary means of evaluating model fit. The models with the
best fit to the data are regarded as those with the lowest AICc score (after Burnham & Anderson,
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2003). Other information theoretic criteria (e.g., ∆AICc, Akaike Weight, and evidence ratio) were
then used to weight models relative to one another according to goodness-of-fit. A final set of
candidate models was chosen for consideration (based on the aforementioned model selection
criteria),

and

an

associated

parameter

(β)
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was

estimated

for

each

model

effect.

3. RESULTS

3.1 CFD Surface Contours
Pressure isosurfaces were generated for the heads of all species at  = 0, and  = 10 using
EnsightCFD 3.0. Screenshots were taken of both dorsal and ventral surfaces and compared to
qualitatively assess the magnitude of the dorsoventral pressure gradient. At  = 0, pressure
magnitudes are largely similar over both dorsal (Figure 6) and ventral (Figure 7) surfaces. No
gradient was documented in sharks of either family.
At  = 10, dorsal fluid pressures (Figure 8) are substantially outweighed by ventral pressures
(Figure 9). This effect is somewhat more pronounced in sphyrnids than carcharhinids. Pressure
gradients are both A) distributed across a wider surface area (extending farther both posteriorly and
laterally), and B) stronger along the leading edge of the rostrum.

3.2 Cutting Planes
Interfamilial differences in the magnitude of the pressure gradient become more apparent when planar
sections are taken through the fluid domain. At alpha = 0, no substantial differential was apparent
either medially (Figure 10) or distally (Figure 11). However, pressure cutting planes taken across
species medially at  = 10 (Figure 12) depict a winglike pressure gradient in sphyrnids, whereas
carcharhinids under like conditions, do not appear to exhibit such a gradient. Distal cutting planes
(taken through the lateral portions of the head) reflect a similar relationship (Figure 13) in which
sphyrnid head shapes generally produce larger pressure gradients than do those of carcharhinids. In
sphyrnids, green-colored regions of the fluid domain occur atop the head (indicating lower pressures),
whereas in carcharhinid species, this effect is comparatively reduced. As with cutting planes taken
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medially, fluid pressure seems reduced across the dorsal portion of the head (especially anteriorly),
and a stagnation point is present just beneath the rostral apex.
Velocity cutting planes at alpha = 0 again show no notable differential between dorsal and
ventral regions of the fluid domain either medially (Figure 14) or distally (Figure 15). Clipping planes
generated at alpha = 10, however, reveal an inverse relationship to that depicted by pressure cutting
planes (i.e. fluid velocities are greater atop the head, and lower velocities occur below). The
dorsoventral gradient is noticeable in most species medially (Figure 16), but becomes more
pronounced distally (Figure 17). These too confirm presence of the stagnation point along the leading
edge. Substantial flow separation appears evident along the dorsal surface at  = 10 for many
sphyrnid species (but wholly absent among carcharhinids). Too, this effect appears substantially
stronger in distally than medially.
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Figure 6. Composite of dorsal surface pressure contours from all eleven species at a zero angle of attack. Note the similarity in magnitude (both
interfamilialy and compared to ventral surface pressure contours in Figure 6); A) S. mokarran, B) S. zygaena, C) S. lewini, D) E. blochii, E) S. tudes,
F) S. media, G) S. tiburo, H) S. corona, I) C. limbatus, J) C. leucas, K) N. brevirostris.
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Figure 7. Composite of ventral surface pressure contours from all eleven species at a zero angle of attack. Note the similarity in magnitude (both
interfamilialy and compared to dorsal surface pressure contours in Figure 5); A) S. mokarran, B) S. zygaena, C) S. lewini, D) E. blochii, E) S. tudes,
F) S. media, G) S. tiburo H) S. corona, I) C. limbatus, J) C. leucas, K) N. brevirostris.
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Figure 8. Composite of dorsal surface pressure contours from all eleven species at a 10 angle of attack. Note the difference in magnitude (both
interfamilialy and compared to ventral surface pressure contours in Figure 8); A) S. mokarran, B) S. zygaena, C) S. lewini, D) E. blochii, E) S. tudes,
F) S. media, G) S. tiburo, H) S. corona, I) C. limbatus, J) C. leucas, K) N. brevirostris.
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Figure 9. Composite of ventral surface pressure contours from all eleven species at a 10 angle of attack. Note the difference in magnitude (both
interfamilialy and compared to dorsal surface pressure contours in Figure 7); A) S. mokarran, B) S. zygaena, C) S. lewini, D) E. blochii, E) S. tudes,
F) S. media, G) S. tiburo, H) S. corona, I) C. limbatus, J) C. leucas, K) N. brevirostris.
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Figure 10. Compo
osite of medial presssure clipping planees from all eleven species
s
at a 0 anglle of attack. Note th
he interfamilial diffference in magnitu
ude
of the gradient; A)) C. leucas, B) N. brevirostris,
b
C) C. limbatus,
l
D) E. blo
ochii, E) S. corona, F) S. media, G) S. tudes, H) S. tiburoo, I) S. lewini,
J) S. zygaena, K) S.
S mokarran.
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Figure 11. Compo
osite of distal pressure clipping planess from all eleven sp
pecies at a 0 anglee of attack. Note thee interfamilial diffeerence in magnitud
de of
the gradient; A) C.
C leucas, B) N. breevirostris, C) C. lim
mbatus, D) E. bloch
hii, E) S. corona, F)) S. media, G) S. tudes, H) S. tiburo, II) S. lewini, J) S.
zygaena, K) S. mo
okarran.
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Figure 12. Composite of medial pressure clipping planes from all eleven species at a 10 angle of attack. Note the interfamilial difference in magnitude
of the gradient; A) C. leucas, B) N. brevirostris, C) C. limbatus, D) E. blochii, E) S. corona, F) S. media, G) S. tudes, H) S. tiburo, I) S. lewini,
J) S. zygaena, K) S. mokarran.
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Figure 13. Composite of distal pressure clipping planes from all eleven species at a 10 angle of attack. Note the interfamilial difference in magnitude of
the gradient; A) C. leucas, B) N. brevirostris, C) C. limbatus, D) E. blochii, E) S. corona, F) S. media, G) S. tudes, H) S. tiburo, I) S. lewini, J) S. zygaena,
K) S. mokarran.
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Figure 14. Compo
osite of medial velo
ocity clipping planees from all eleven species
s
at a 0 anglle of attack. Note th
he interfamilial diffference in both
magnitude of the gradient
g
and posterrior edge flow sepaaration; A) C. leuca
as, B) N. brevirostrris, C) C. limbatus, D) E. blochii, E) SS. corona, F) S. med
dia,
G) S. tudes, H) S. tiburo, I) S. lewini,, J) S. zygaena, K) S. mokarran.
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Figure 15. Compo
osite of distal veloccity clipping planess from all eleven sp
pecies at a 0 angle of attack. Note thee interfamilial diffeerence in both
magnitude of the gradient
g
and posterrior edge flow sepaaration; A) C. leuca
as, B) N. brevirostrris, C) C. limbatus, D) E. blochii, E) SS. corona, F) S. med
dia,
G) S. tudes, H) S. tiburo, I) S. lewini,, J) S. zygaena, K) S. mokarran.
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Figure 16. Composite of medial velocity clipping planes from all eleven species at a 10 angle of attack. Note the interfamilial difference in both
magnitude of the gradient and posterior edge flow separation; A) C. leucas, B) N. brevirostris, C) C. limbatus, D) E. blochii, E) S. corona, F) S. media,
G) S. tudes, H) S. tiburo, I) S. lewini, J) S. zygaena, K) S. mokarran.
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Figure 17. Composite of distal velocity clipping planes from all eleven species at a 10 angle of attack. Note the interfamilial difference in both
magnitude of the gradient and posterior edge flow separation; A) C. leucas, B) N. brevirostris, C) C. limbatus, D) E. blochii, E) S. corona, F) S. media,
G) S. tudes, H) S. tiburo, I) S. lewini, J) S. zygaena, K) S. mokarran.

3.3 Polar Diagrams
Polar diagrams were plotted for all species, and cross-taxonomic comparison was accomplished by
superimposing the resultant curves. A drag polar (Figure 18) indicates that sphyrnid head
morphologies are characterized by greater drag values across all  than are those of carcharhinids.
Similarly, within the Sphyrnidae, species possessing cephalofoils of large size tend to exhibit much
greater overall drag than do those in which the cephalofoil is reduced. Drag values also tend to
increase at a much greater rate in sphyrnids as  values become more extreme (i.e., progressing away
from the central parabolic axis, with each subsequent data point there is a greater change in CD for
sphyrnids than for carcharhinids). Also apparent from this analysis is that L/D is generally lower
across all attack angles for the “winghead” shark (E. blochii), than for other species.
The lift polar reveals a pattern whereby curves are grouped broadly by slope (Figure 19).
These groups correspond with groups featuring discretely different head morphologies: 1)
carcharhinids, 2) hammerheads possessing small cephalofoils, and 3) hammerheads with large
cephalofoils. Across species, slope generally tends to decrease with decreasing aspect ratio of the
head. In carcharhinids, this amounts to decreased slope coincident with decreases in head width.
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3.4 Statistical Results
With CL as the dependent variable at  = 0, the AIC best model included only pelvic fin
surface area and the point of dorsal fin origin (R2 = 0.543). A traditional null hypothesis significance
test gave the same result (P2_SA, P < 0.01; DORS_ORIG, P < 0.001). Importance scores (Table 5)
were calculated for each model effect by taking the summed AICc weight of the top 100 models
including that given effect. Both model effects had importance scores of 1.000. Model-averaged
parameter estimates show positive relationships for both P2_SA (0.0169), and DORS_ORIG (0.197).
Parameter estimates for the AIC best model were similar (P2_SA, 0.0154; DORS_ORIG, 0.192). No
other model effects had high importance scores (>0.60).

Table 5. Summary statistics for four different multiple regression analyses of head lift metrics
regressed on morphometric data for other lift-related anatomy within the family Sphyrnidae. In each
case, data are shown for the AICc best model.
Model

Multiple

Model Effects

Parameter Estimates

P-

Importance

CL at α = 0°

0.543

pelvic fin surface area
dorsal fin origin

0.015
0.192

P<
P<

1.0000
1.0000

L/D at α = 0°

0.229

pelvic fin surface area
heterocercal angle

0.097
-0.081

P<
P<

1.0000
1.0000

CL at α = 10°

0.144

pectoral fin origin
pectoral fin surface area
caudal fin ratio
heterocercal angle

0.108
0.006
-0.206
0.011

P<
P=

1.0000

P=

pelvic fin origin
dorsal fin origin
pelvic fin surface area
caudal fin ratio

0.495
1.034
0.058
-0.617

P<
P<
P=
P=

L/D at α = 10°

0.632

0.9325
1.0000
1.0000
0.7788

With L/D as the dependent variable at α = 0, a different set of candidate models resulted.
The best model included pelvic fin surface area and heterocercal angle (R2 = 0.23). Again, a
traditional null hypothesis significance test corroborated the information-theoretic selection approach
(P2_SA, P < 0.01; HET_ANG, P < 0.001). Both model effects had importance scores of 1.000. A
third variable, PEC_ORIG (distance from the rostrum to the point of pectoral fin origin), occurred in
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30 of the top 100 candidate models and was assigned an importance score of 0.804, but was nonsignificant. The model-averaged parameter estimates indicate a positive relationship for P2_SA
(0.1109), and HET_ANG (-0.0924). Parameter estimates for the AIC best model were: P2_SA,
0.0974, and HET_ANG, -0.0816.
When CL was regressed on all independent factors at  = 10, the AIC best model included
PEC_ORIG, P1_SA, U_L_RAT, and HET_ANG (R2 = 0.144). Only PEC_ORIG was statistically
significant (P < 0.01) with an importance score of 1.000. However, significance testing resulted in
values for both P1_SA (P = 0.06779) and HET_ANG (P = 0.06563) approaching significance. The
model-averaged parameter estimate for P1_ORIG was 0.143, while the estimate in the AIC best
model was 0.1088 indicating a positive relationship.
Regressing L/D on all independent factors at  = 10 resulted in a model including:
P2_ORIG, DORS_ORIG, P2_SA, and U_L_RAT (R2 = 0.632). Both DORS_ORIG (P < 0.001) and
P2_ORIG (P < 0.001) were significant. All other factors were non-significant. However, importance
scores for P2_SA (1.000) and U_L_RAT (0.7788) were notably high. The importance score for
DORS_ORIG was 1.000, and for P2_ORIG was 0.9325. Model-averaged parameter estimates show
positive relationships for P2_ORIG (0.460), DORS_ORIG (0.9816), and P2_SA (0.0472). A negative
relationship was found with U_L_RAT (0.640).

3.5 Flow Streamlines
Computational fluid dynamic post processing included a basic check for “wingtip” vortex
formation in hammerheads at the distal ends of the cephalofoil. Streamlines generated from a particle
trace in EnsightCFD 3.0 revealed possible vorticity in some species (such as S. lewini) at positive
angles of attack (Figure 20). This phenomenon is discussed later in more detail.
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Figure 20. Pressure isosurface of S. lewini shown from a right lateral aspect ( = 10). Fluid streamlines were generated from a particle trace in
EnsightCFD 3.0. Note the resemblance to wingtip vortex generation at the distal tip of the cephalofoil.

4. CONCLUSIONS AND DISCUSSION
4.1 Surface Pressure Contours
Although some regions of high and low pressure are visible, the lack of overall net
dorsoventral pressure gradients at α = 0 suggests that head morphologies of both families bear little
hydrodynamic similarity to cambered wings at this angle of attack. As alluded to at the beginning of
this report, the profile of a cambered foil causes changes in fluid velocity and momentum at α = 0 that
result in lower fluid pressures ventrally, greater pressures atop the wing, and a net upward reaction
force imparted from the fluid to the body. These conditions are not evident for isosurfaces of
simulations at α = 0, thus it is not surprising that their corresponding lift coefficients are all similarly
very low (near zero). Interestingly, dorsal pressures actually seem slightly greater in some
hammerhead species (e.g. S. media, S. corona, S. tudes, etc.) indicating a negative lifting condition.
Indeed, for these species, numeric lift values are negative. However, it should be noted that slight
variation in the alignment of 3D models to the world coordinate system might account for this. Thus,
it is best to interpret these results in conjunction with polar diagrams and cutting plane data (presented
in the next two sections) to obtain a fully integrated impression of their flow characteristics.
In contrast, pressure isosurfaces generated at α = 10 reveal greater pressures present across
the ventral surface of the head, and lower pressures above. This pattern is noticeable in both
carcharhinids and sphyrnids, but is slightly greater in sphyrnids. Too, high ventral pressures are
distributed across a greater surface area for sphyrnids than for carcharhinid sharks. In both families,
however, fluid pressures at this angle indicate conditions appropriate for the generation of lift.
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4.2 Pressure Clipping Planes
Lack of any notable dorsoventral pressure gradient present in pressure clipping planes at  =
0 for either family refutes the hypothesis of hydrodynamic lift production at this attack angle. The
low pressure atop the heads of sphyrnid species shown in clipping planes taken through the fluid
domain at  = 10 corroborates numeric estimates of higher lift values at this angle of attack. This
holds true for planes taken both medially, and distally. A stagnation point (typical of most solid
bodies moving through a fluid) is present at the leading edge of the rostrum, and depicts high fluid
pressure here. As the head is inclined to  = 10, this region expands and high fluid pressure is
present across much of the ventral head surface. This high-pressure region occurs in carcharhinids as
well. But, recall that due to morphological differences, it is distributed over a much smaller area, and
thus, less momentum transfer occurs in carcharhinid species, resulting in a lower reaction force (less
lift). It appears that the increased lift that characterizes sphyrnid head morphologies owes largely to
their greater overall surface area. Obviously, under similar flow conditions, forms which present a
greater surface area to the freestream flow. This can be clearly illustrated mathematically by the
equation for lift force:

FL =

1 2
 ACL
2

(7)

where ρ is the fluid density, υ is the fluid velocity, CL is lift coefficient, and A is the planform area.

Hence, as the planform (dorsal or ventral surface area) of a structure increases, so too does its
corresponding lift force when it is placed in a fluid flow (as the two variables are directly related).

4.3 Velocity Clipping Planes
The similarity in fluid velocities across dorsal and ventral head surfaces at  = 0, likewise
refutes the hypothesis that positive lift forces are produced at this angle. These results, too,
corroborate those from pressure clipping planes in that no apparent interfamilial difference is present
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at this angle. At  = 10, greater fluid velocities evident atop the head seem indicative of the lower
pressures present in this region, and consequent fluid turbulence from boundary layer flow separation.
These are the typical conditions for lift production of a foil, and lead us to conclude that sphyrnid
head morphologies do indeed produce lift when inclined with respect to the direction of fluid flow.
On the contrary, these conditions are not evident for any of the carcharhinid species, thus, we
conclude that they do not serve a lift-producing function.
4.4 Polar Diagrams
Modern day, man-made, cambered foils are generally typified by C-shaped, parabolic drag
polars; drag values tending to increase concurrently with lift values as attack angle becomes more
extreme. Their curvature indicates that drag increases at a faster rate than lift. This effect is imparted
by boundary layer separation at the trailing edge of the foil progressing increasingly toward its center.
This continues until flow separation ultimately occurs to such a great extent that the lifting efficiency
(the ratio of lift-to-drag) is undermined, and the foil stalls (Von Mises, 1959). Lift polars typically
exhibit an overall positive linear slope progressing to a maximum (the stall point), inflecting
suddenly, and taking on a sharp downward trajectory thereafter.
Driver (1997) found no notable difference across the drag polars of sphyrnid species, and
cited little evidence of “winglike” hydrodynamic properties of the cephalofoil among small sphyrnids.
However, as mentioned previously in this paper, her models were of handmade origin (which may
have confounded her estimates of lift and drag). In contrast, we observed substantial differentiation
across sphyrnid species with regard to both drag and lift polars as well as substantial differences
interfamilialy.
The overall greater drag of sphyrnid head shapes (versus those of carcharhinids) is indicated
clearly by their drag polars, and is likely attributable to three principal characteristics: A) greater
overall surface area, and B) greater ventral surface area, and C) flatter profile and a laterallyexpanded planform.
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When in a flow, as the overall size of a structure increases, so too does the component of the
drag force due to fluid friction, or its surface drag. Theoretically, surface drag can be conceptualized
as the result of speed differences (and corresponding shear forces) between fluid layers (from full
speed within the free stream, to a speed of zero within the boundary layer). However, another (and
much greater component of drag), induced drag increases with increasing angle of attack. This is the
component of drag that results from momentum transfer to the foil in the direction of fluid flow.
Summing this drag force with the lift vector yields the net reaction force imparted to the foil. As angle
of attack increases, the induced drag component becomes greater, and this net reaction force is
deflected increasingly in the direction of fluid flow.
For example, as  becomes more positive, a greater volume of fluid is redirected. As
previously mentioned, the flow diverges as it comes into contact with the lower surface, and its
velocity is consequently reduced. As previously shown, presentation of greater surface area to the
freestream flow (as occurs when the attack angle is increased) directly increases the volume of fluid
intercepted by the foil (a phenomenon familiar to anyone who has extended his or her flat hand out of
the window of a moving car). This results in increased momentum transfer from the fluid freestream
to the foil, but concurrently, greater disruption of the boundary layer, and consequent turbulence
along the top of the foil. It is this process which accounts for increased form drag in sphyrnid head
shapes. Increased boundary layer separation occurs across all angles of attack owing to their laterally
expanded planform and their flat profile (whereas fluid is more easily displaced around the conical
heads of carcharhinid sharks allowing the boundary layer to remain largely attached. In similar
fashion to a wing, as fluid flows past a sphyrnid head shape (especially at higher angles of attack), the
boundary layer separates to a greater and greater extent from the upper surface. Ultimately, this
results in the characteristic loss of lifting efficiency at high angles of attack, and an overall lower L/D.
Within the Sphyrnidae, some hydrodynamic properties are rather intuitive, and some less so.
The high amount of drag observed in E. blochii relative to all other species surveyed likely results
from greater boundary layer separation (note Figures 13 & 14). With a head morphology that is
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exaggeratedly expanded laterally (in span) and a chord that is relatively small (i.e., its head shape is
of high aspect ratio), one might expect that it would be characterized by an overall greater L/D than
species with low aspect ratio head shapes. Given, however, that form drag is typically the largest
component of the drag force, because this species possesses a head that is less tapered posteriorly
(and generally rounder) than other sphyrnids in profile, it is intuitive that its head shape should be
characterized by high drag values (even compared to sphyrnid species with larger, but more tapered,
head morphologies). Sphyrnid species possessing smaller head morphologies, as would be expected,
tend to be characterized by intermediate amounts of drag (greater than carcharhinids, but less than
large hammerhead species). Finally, large species’ head morphologies (owing to their much larger
surface area) show the greatest values for both lift and drag.

4.5 Evolutionary and Ecological Inferences
Recent molecular evidence has shed substantial insight on evolutionary relationships within
the sphyrnid clade. Both nuclear and mtDNA-based phylogenies show a general trend away from
large, broad cephalofoil shapes toward a smaller, narrower morphology (Figure 20). Current
phylogenies depict genus Eusphyra as basal; paraphyletic to genus Sphyrna, and large species within
Sphyrna as ancestral to overall smaller species with correspondingly smaller cephalofoils (Martin,
1993; Cavalcanti, 2007; Lim et al., 2010; Vélez-Zuazo & Agnarsson, 2011).
As described, greater lift and drag forces both tend to increase with increasing cephalofoil
surface area. Moreover, as current systematic knowledge suggests larger cephalofoil morphologies
are plesiomorphic, so too is their function as a lift-generating surface. It is known that larger
hammerhead species tend to spend the majority of their time in the pelagic zone, whereas smaller
species typically inhabit more neritic regions. Current thinking contends that sphyrnids likely arose
from an early pelagic ancestor, and later diversified as they began to exploit habitats further inshore
(Lim et al., 2010). It is believed that as these species diverged, they likewise became more demersal.
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hydrodynamic data, Nakaya's (1995) finding regarding greatly enhanced hypaxial musculature in
hammerheads is particularly interesting. We suggest Nakaya's results may indicate the importance of
the head in facilitating prey-capture by generating sudden rapid downward shifts in trajectory. As our
results show, were the head depressed to the maximum possible extent indicated in the
aforementioned study (-15°), the reaction force produced would be substantial. In larger sphyrnids,
the downward moment produced would necessarily be large (owing to the large surface area of the
cephalofoil). In smaller sharks, a change in trajectory might be facilitated just as easily using a
smaller cephalofoil (thus lessening the tradeoff between cephalofoil utility and its associated drag)
given their smaller overall mass.
Kajiura et al. (2003) suggested that the cephalofoil likely has a negative effect on stability8.
Its position at the far anterior end of the shark does increase its mechanical advantage substantially,
and our results confirm that the magnitudes of the reaction forces produced do increase rapidly as
attack angle deviates from level. We caution, however, that it remains uncertain from our results and
other literature presently available whether or not the cephalofoil is indeed used as we have described
(a forward rudder under active control of hypaxial and epaxial musculature used for executing rapid
dives and ascents). Indeed, it is possible that it evolved for some other purpose, and simply later
necessitated the augmentation of cervical musculature to compensate for losses in stability owing to
its large surface area and the consequent increased magnitudes of the hydrodynamic forces acting
upon it.

4.6 Multiple Regression Models
Multiple regression models investigating the relationship between head lift measures and fin
morphometrics gave differing results according to both attack angle, and the lift measure modeled. To
some extent our models fit the expected morphological pattern assuming increased hydrodynamic
8

It should be noted, however, that Kajiura et al. (2003), also found that the cephalofoil may actually
confer stability during turning, as it was observed that sphyrnid sharks did not roll during sharp turns,
as did their carcharhinid counterparts.
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function of the cephalofoil indeed results in lost stability. However, in some cases, models were
incongruent with this hypothesis. It is important to recognize that the quality of the consequent
analytical interpretation depends heavily on both the accuracy and suitability of variables chosen for
investigation (Burnham & Anderson, 2002).
Factors included in the first model (CL at α = 0°) were pectoral fin surface area and distance
to the dorsal fin origin. Similarly, the second model (for L/D at α = 0°) included pelvic fin surface
area again, along with heterocercal angle. These analyses, in part, support the belief that increases in
maneuverability among sphyrnids may have come at the expense of stability. Specifically,
hammerhead sharks may possess increased control over pitch (provided by their enhanced cervical
musculature), but decreased control over roll and yaw. Increases in the surface area of pelvic fins
concomitant with increases in cephalofoil CL (as indicated by the positive parameter estimate for
pelvic surface area, 0.015) would theoretically aid in recovery of lost stability. This relationship is
corroborated in the second model (with an even greater parameter estimate, 0.097). On the contrary,
the positive relationship between dorsal fin origin and CL is counterintuitive. As the mechanical
advantage of fins should increase linearly with their distance from the center of mass, it would be
expected that decreased stability anteriorly should necessitate an anterior rather than posterior shift in
the point of dorsal fin origin. However, exactly the opposite is true. It is unclear why this is the case.
The hydrodynamic forces at work on the dorsal fin and their consequent reaction forces are not well
understood. Future study may be able to shed more light on this relationship. Inclusion of heterocercal
angle in the second model is incongruent with expected outcome assuming the cephalofoil were
producing a lift force (i.e., a parameter estimate of -0.081 indicates that the angle decreases with increasing
hydrodynamic efficiency of the cephalofoil). This should theoretically shift the fin’s anterodorsally directed
reaction force such that it is more parallel to the longitudinal axis of the body (toward the center of mass),
minimizing the rotational moment produced. Effectively, this would serve to generate more forward thrust. It is
possible that this occurs as a result of the increase in drag force associated with the cephalofoil (phenomena
explored in more detail throughout the next section).
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Results from analyses at α = 10° differed. Regressing CL on the same set of variables yielded
a different model set. The AIC best model included only one important factor, pectoral fin origin. The
parameter estimate (0.108) coincides with expectations. Assuming the cephalofoil produces lift, one
logical consequence might be the shifting of pectoral fins rearward (toward the center of mass); hence
compensating for the increase in lift anteriorly by reducing their mechanical advantage. When L/D
was regressed, the model included pelvic fin origin and dorsal fin origin. The parameter estimate for
dorsal fin origin again indicates an unexpected positive relationship between cephalofoil lifting
efficiency and dorsal fin origin. The relationship with pelvic fin origin is more intuitive (i.e., as
cephalofoil lift increases across taxa, pelvic fins are shifted rearward; increasing their mechanical
advantage). In similar fashion to the first model, this suggests possible enhancement of stabilization
mechanisms coincident with an increased hydrodynamic influence of the cephalofoil.

4.7 Ecophysiological Inferences
An important implication of increased drag in hammerheads is the concurrent increase in
energy expenditure necessary to maintain similar forward motion. This is especially relevant in
obligate ram-ventilating sharks such as hammerheads.
Sufficient thrust (i.e., power) must be imparted to a body in order to overcome the resistive
force of drag and move that body through a fluid (Anderson, 1985). The relationship between thrust
and this drag force is given as:

1
TR = FD     3 ACD
2

(8)

where TR is required thrust, FD is the resistive force of drag, υ is the fluid velocity, CL is lift
coefficient, and A is the planform area.
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To illustrate, it is possible to calculate real-world difference in drag force between sharks of
differing head morphologies. Reynolds numbers were roughly comparable between adults of S. lewini
(1.25  105) and C. limbatus (1.32  105)9. Using the equation for drag force:

1
FD =  2 ACD
2

(9)

where ρ is the fluid density (i.e. the value 1.023026  103 kg/m3 for seawater at 25C and 35ppt
salinity), υ is the fluid velocity, CL is lift coefficient, and A is the planform area.
Thus, for S. lewini:

(1023.026 kg/m 3 )(0.65369 2 m/s) 2 (0.1795985 m 2 )(0.101756)
FD =
2
FD  3.995 N
Whereas for C. limbatus:

(1023.026 kg/m 3 )(0.533712 m/s) 2 (0.2314638 m 2 )(0.008509)
FD =
2
FD  0.287 N

Conversion from newtons to the more intuitive pounds-force (where 1 N = 0.2248 lbf) yields:

S.lewini :
FD  0.898 lbf

C. limbatus :
FD  0.0645 lbf

Hence, the difference in drag is equivalent to nearly 1 pound of force for similarly sized
individuals of these two species.
Indeed, possession of ‘draggier’ morphological features necessitates production of more
thrust, and thus, either: A) more efficient metabolism (i.e., lower standard metabolic rates), B) a
greater percentage of red, aerobic muscle, C) increased caloric intake to make up for the deficit, D)
decreased cruising speeds and/or enhanced static lift mechanisms (such as liver size or lipid content)

9

The drag difference calculated in this example is, in fact, conservative given that the species characterized by a
lower drag coefficient is actually the one with the higher reference length, and correspondingly, the higher
Reynolds number.
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relative to other sharks. In short, the farther to the right a species’ curve is situated along the drag
polar, the greater energetic price it incurs as a consequence of its head morphology.
In actuality, a general trend toward higher metabolic rates has been shown in ram ventilating
sharks (Carlson et. al., 2004). Sphyrnid metabolic rates are typically high as well; with rates as high
as 168mg O2 kg-1 h-1 in S. tiburo (Carlson & Parsons, 2003), and 189mg O2 kg-1 h-1 in S. lewini (Lowe,
2001). Thus, it seems unlikely that sphyrnids offset any drag-related energetic loss via slower
metabolism. To the contrary, metabolic rates are higher in sphyrnids (which only exacerbates the
problem of drag-related energy loss).
We can see from equation 8 that the fluid drag associated with a body increases with the cube
of its velocity. Thus, successive increases in velocity require greater and greater amounts of thrust in
order to overcome fluid drag (i.e., the relationship is nonlinear). It is possible that energy lost from
increased head drag might be recovered via enhancement of static lift features, and slower swimming
speeds. If this were the case, improved buoyancy would require less forward movement to maintain
vertical station in the water column than in species relying more heavily on sources of dynamic lift
(e.g., fins, planing surfaces, etc.). This would afford hammerheads the opportunity to cruise more
slowly, and thereby conserve energy.
In fact, Lowe (1997), showed relatively slow critical swimming speeds in hammerhead
sharks; more similar to highly demersal species such as leopard sharks (Triakis semifasciata) and
lemon sharks (Negaprion brevirostris). However, in-the-wild cruising speed data, while scarce, are
needed for more reliable comparison.

4.8 Final Conclusions and Future Study
We conclude that the hammerhead cephalofoil seems only to act as a ‘foil’ insofar as it
operates as a symmetric foil, or thin plate; requiring alteration of its attack angle for the production of
lift. It does not appear to possess sufficient camber to generate lift at  = 0. In light of evidence
presented by Nakaya (1995) regarding active control of cephalofoil attack angle via hypaxial and
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epaxial musculature, we suggest that this structure ma y function as a forward rudder (and, perhaps
also, a fluid dynamic brake) at the anterior end of the animal facilitating more rapid dives as the shark
closes in during the final moments of prey capture.
It also seems clear that hammerhead sharks pay a greater energetic price for their head
morphology, however the evolutionary mechanisms they have developed to confront this tradeoff
remain uncertain.
The most meaningful context for the interpretation of morphology-dependent differences in
drag force would involve relating them to the overall thrust generated by a single tailbeat of each
species at its optimum cruising velocity, and subsequently relating those data to energetic expenditure
and tailbeat frequencies from flume respirometer studies in the lab. This would ultimately afford a
much more integrated picture of cephalofoil drag and its real-world quantitative relevance to energy
dynamics in the fish.
Hypotheses regarding compensation in hammerheads for additional head-related drag through
enhancement of static lift could be investigated with a basic comparison of hepatosomatic index
across taxa (both within the Sphyrnidae, and interfamilialy). It is expected that hammerheads may
possess livers that are proportionally larger than those of carcharhinids.
There was some evidence of support for Driver’s (1997) suggestion that the cephalofoil
produces trailing vortices similar to those generated by aircraft wings. Whether these occur during
level swimming as well as at high angles of attack is unknown. Time-accurate simulations should be
used to view flow patterns across a temporal gradient and determine whether or not vorticity is
occurring and to what extent.
Further study is likewise necessary in order to elucidate the apparent relationship between
dorsal fin position and cephalofoil lift measurements. Perhaps a more intensive morphometric
analysis is in order.
Lastly, it was recently suggested that the cephalofoil may produce lift in a span-wise fashion
(i.e., as it is moved horizontally back-and-forth during shark swimming). Having already digitally
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discretized the head morphology, it would be a rather simple task to model flow in this direction
(either the positive or negative x-direction) and determine whether or not this hypothesis can be
supported.
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